Abstract: This paper presents the findings of a study conducted to explore how structural design unfolds in industrial design engineering processes. The study focused specifically on structural design of engineering consumer products with physical constructions. The investigation conducted included questionnaire surveys, interviews, and observations. A total of 358 subjects participated in two rounds of the investigation. The study uncovered how structural design in the context of industrial design engineering progresses in practical settings and provided clues on how a formal structural design process model should be like. One of the main observations was that the subjects chose and strictly followed and adhered to their own preferred structured order of execution of structural design activities. Another cardinal observation was that, unlike analysis and concepts development activities, the structural design activities of materials selection, engineering analysis, and process selection were executed recursively and oftentimes concurrently by most of the subjects. Based on these observations and upon an analysis of the information gathered, a linearrecursive-linear (LRL) scheme for tracking, managing, and coordinating the execution of structural design activities has been formulated. Separate studies are, however, needed to investigate the validity, efficacy, and the applicability of this scheme.
Introduction
Some literature suggests that there is an apparent need for structured process models for managing, monitoring and for guiding the execution of various processes including, for instance, engineering product development and business processes (see e.g., Paulk et al., 1993; Savino and Sechari, 2009 ). The benefits of using structured process models include process improvement, improved alignment of processes with overall strategic goals, better and consistent understanding of the underlying processes, continuous quality improvement, and improved communication among various process stakeholders (see e.g., Indulska et al., 2009; Kesari et al., 2003; Savino and Mazza, 2014) . Furthermore, practitioners typically see advantages in using process models to support elicitation and specification of requirements and to facilitate the identification, capture and management of knowledge.
In engineering, several design process models (variously referred to also as phase models or procedural models in some literature) have been proposed to guide the execution of product development activities (see e.g., Pahl and Beitz, 1993; Roozenburg and Eekels, 1995; Hubka and Eder, 2012a; Hubka and Eder, 2012b; Eder and Hosnedl, 2007) . Apart from these, there are also some methodologies that have been developed to manage the development of functional constituents rather than dealing with traditional hardware development (see e.g., Pavasson et al., 2014; Lindström et al., 2015) . Furthermore, there also exist several dedicated approaches that have been developed, e.g., for products consisting of integrated hardware and services to provide a complete functional facility -intended to ensure profitability and that the products are attractive to customers (see e.g., Alonso-Rasgado and Thompson, 2006) . Despite offering the benefits mentioned earlier, there are, however, some shortcomings associated with these process models. These include lack of flexibility, which is attributed to the tendency of some process models to define strict sequence of execution of activities. Arguably, the strictness of the process steps in some process models also affects creativity of the designers. Furthermore, most of the existing process models are characteristically coarsely defined and in most cases do not prescribe the activities that ought to be performed within the phases. For instance, we are not aware of the existence of any formal process model for guiding structural design process (i.e., sub-process of the design process that follows after concept development and precede detail design and prototyping).
The research reported in this paper focused specifically on structural design in industrial design engineering processes. Specifically, the research explored how structural design unfolds and whether or not there is a need for a formal process model for guiding the execution of structural design activities, and if so, what should be the sequence of execution of activities. We consider structural design as part of the design process in which the structure and geometric parameters -i.e., the shape and the dimensions of the components and of the product -are defined. In this sub-phase of the design process, engineering analyses (e.g., stress and stiffness analyses) are conducted, materials are selected, and manufacturing processes pre-selected. All these tasks are performed whilst ensuring that the prescribed requirements for the product are met, and that the eventual product would ultimately function, operate, and behave as required.
The importance of using well-defined and structured design process models and the implications of using them, as far as quality and the acceptance of the designed product is concerned, is widely recognised. Structured design process models evade propagation of errors and some literature suggests that they also increase of quality (see e.g., Sánchez-González et al., 2013; Langari et al., 2005; Opiyo et al., 2002) . It is broadly understood that most decisions that influence quality and cost of the designed product are made during design. In particular, these include choices made during structural design, which have direct implications on the types and quantities of materials, and on the types of production operations that would be needed (see e.g., Weustink et al., 2000) . Such choices oftentimes have effects on quality and cost of the product, and in some instances the effects may extend beyond the product or the actual development processes, e.g., to the environment, and may influence subsequent processes such as launching the product into the market (see e.g., Chryssochoidis and Wong, 1998) . A well-organised structural design process model would enforce orderly execution of structural design activities and ensure that the decisions and choices are systematically made.
In summary, the research reported in this paper was motivated by the curiosity to know what actually happens at the structural design interval. The research investigated how structural design process in industrial design engineering proceeds in practice with a view to uncovering the sequence and patterns of execution of activities. The findings of the investigation provided some insights into how structural design unfolds and a basis for formulating a scheme for guiding the execution of structural design activities.
The paper is organised as follows. It first describes the research problem and hypothesis, and presents the research methodology in the following section. It then presents the research results, reviews related work, and discusses the results.
Research problem, hypothesis, and methodology
The significance of formal process models in product development processes has been investigated extensively by some researchers, especially in software engineering (see e.g., Langari et al., 2005; Pfleeger and Hatton, 1988) . One of the common features of most of the existing process models or frameworks for designing technical systems (see e.g., Pahl and Beitz, 1993; Roozenburg and Eekels, 1995; Suh, 1995; Andreason and Hein, 1987; Hubka and Eder, 2012a; Hubka and Eder, 2012b; Eder and Hosnedl, 2007) is that the granularity of the process steps is too large. They typically only outline the main process steps abstractly. Low-level details of what activities should be performed within the phases and of how these activities should be executed are in most instances not specified. As a result, the activities within the phases, including the structural design activities are typically left to flow instinctively and in an ad hoc fashion, without any precise formal order of execution or guidance. It is widely acknowledged that formal methods can contribute to improvement of the development processes as well as of quality of the products (see e.g., Savino and Mazza, 2014; Opiyo, 2003) . To this end, process models serve, among other things, as means to support systematic elicitation and specification of requirements and to assure consistent monitoring of fulfilment of requirements as the design process progresses (see e.g., Opiyo et al., 2002; Opiyo et al., 2009 ).
As we stated earlier, we are not aware of any literature or research that addresses the challenges of "structural design" in the context of "industrial design engineering". It is important to note, however, that this is not surprising because in practice, the vast majority of practicing designers would naturally consider "structural design" to be part of the systematic "engineering design" process. 'Industrial design' and 'engineering design' (see e.g., Eder and Hosnedl, 2007) used to be considered to be two different aspects of the overall design process -with 'industrial design' oftentimes being carried out upon completion of the 'engineering design' process. Over time, the limitations and the disadvantages of this practice became apparent, and 'industrial design' and 'engineering design' became more integrated, particularly, in the contexts such as Concurrent Engineering (CE) (see e.g., Eastman, 2012; Prasad, 1996) and Integrated Product and Process Development (IPPD) (see e.g., Usher et al., 1998; Azamatov et al., 2011) .
In the work reported in this paper, it was hypothesised that structural design in industrial design engineering context progresses systematically according to certain defined process steps and sequence of execution of activities. The idea was that a crisply defined structural process model can be demarcated by investigating how structural design processes progresses in practice. The expectation was that such a process model can systematically govern the execution of structural design activities and improve the structural design process, increase quality of in-process deliverables, and lead to better choices of materials or manufacturing processes. The expectation was that the better the structural design process and quality of the in-process deliverables, the better the chance of acceptance of the final product. The challenge tackled was therefore how to come up with a suitable scheme for guiding the execution of structural design activities.
The methodology used to explore how structural design processes progress and to identify the pattern of execution of structural design activities can be described as follows. A questionnaire survey in which a random sample of 358 subjects (out of 391 overall) was carried out. Qualitative interviews and observations were also conducted to complement the questionnaire survey. A questionnaire was used as an instrument to collect quantitative data and to gather opinions from the subjects of the investigation. The questionnaire survey aimed not only at exploring how structural design in the context of industrial design engineering unfolds and the need for a structural design process model, but also at identifying the pattern of execution of activities. Unstructured qualitative interviews were carried out to follow-up on unclear comments or suggestions made by some of the respondents whilst observations allowed the investigators to spot out how subjects worked and interacted while performing the structural design activities.
The activities typically performed during structural design were identified first. This involved reviewing relevant literature (see e.g., Pahl and Beitz, 1993; Roozenburg and Eekels, 1995; Hubka and Eder, 2012a; Hubka and Eder, 2012b; Eder and Hosnedl, 2007; Suh, 1995; Andreason and Hein, 1987) . It also relied on the investigators' own hands-on experiences and expert judgments. In the end, the activities shown in Figure 1 were identified as the main structural design activities.
Participants
The subjects of the investigation were carefully selected to allow the investigators to effectively gather views on how structural design is conducted and how it evolves. The investigators selected impartial subjects, who were somewhat novice and not familiar with any specific design process model or method -the idea being to avoid any preconceived bias in favour of a particular formal design process model. A total of 358 subjects participated in two rounds of the investigation (i.e., 182 and 176 in round one and round two respectively). Only the individuals who had the appropriate expertise needed to undertake structural design activities in industrial design engineering context were selected. The investigators selected first year students enrolled in an industrial design engineering program, who were in their last semester of their first year of study. All subjects, by the time of the investigation, had already completed the basic industrial design engineering courses such as human and product (in which humans roles, e.g., as the user of the product, are addressed), product design I (in which students study and practice the basic engineering drawing, prototype building, and design concepts documentation skills); and product in action (in which the basic engineering statics concepts are introduced). Furthermore, the subjects were mid-way through the engineering design course -the course in which the basics of mechanics of materials, materials selection, and industrial production are introduced. The purpose of the investigation was not disclosed to the subjects in order to minimise any chances of bias and to avoid reference to any precedents.
Figure 1 The identified structural design activities
Analysis , a
• The analysis in the context of industrial design engineering structural design process included carrying out product use analysis (investigating how the product will be used and how it will function) and to come up w ith a list of requirements and wishes. This included identification of the key ergonomics parameters and values ( e.g., w eig hts, externally applied forces, dimensions, etc.), which served in th e subsequent stages, for instance, as the basis for determination of w hether (or not) the conceptualized structural members meet st rength or stiffness criteria.
Concept devel opment , a2
• Concept developmentinvolved: (i) developing design solution principle s for parts of the product and selecting viable principles (by using tools such as morpholog ical charts, Harris profile, etc.); and (ii) creating alternative combinations of soluti on principles (commonly also known as the principal solutions) for a prod uct as a whole and choosing the overall solution principle that meet the previously specified requirements and wishes. Graphic representation of the strengths and weaknesses of design concepts (see e.g., http://wikid.eu/index.php/Harris_profile)
Process selecti on , a 3
• Process selectioninvolved selecting production process(es) (also by using database queries and search engines), evaluating manufacturability and assemblability of components, and specifying the production process steps.
Drawi ng (design presentation), a4
• Presentation of design concepts
Evaluation, a 5
• Evaluation basi cally entailed looking back to the engineering analysis calculations and to various choices made; and making suggestions for improvement or recommendat ions for implementation.
Materi als selection, a 6
• Materials selectionentailed looking back to requirement s and formulating criteria for se lecting mat erials and subsequently using tools such as database queries and search engines to select suitable materials.
Engineering analysis , a 7
• The subtasks in engineering analysis included investigation of how the envisioned product w ould be loaded ( e.g., w ould it be subjected to a torsional load?, she ar load?, axial load?, etc.), ide ntification of critically loaded parts, sketching free body diagrams of components, sub-assemblies, etc., identification of applicable theories, e.g., for determination of strength and deflection; and using the identif ied the ories to determine stress, def lection and subsequently comparing calculated values with allowable values. Design presenta tion essentially involved drawing the final design concept and specifying the key dimension s.
Case-study structural design assignments
Six assignments in which the subjects were required to design different products -each lasting for about 40 hours (extending over two weeks), were used as case studies in two rounds of the investigation. The structural constructions of the six products shown in Figure 2 (i.e., the structural constructions of a wall TV mounting system, coat hanger, hanging bed, logging truck trailer, wheelbarrow, and of a water bike) had to be designed. The subjects were asked to come up with structural design concepts, by executing the activities shown in Figure 1 . They were not instructed to follow any specific sequence of execution of activities, and were not required to work in accordance with any specific existing process model. Engineering analysis was the main activity, and was in most instances highly intertwined with materials and process section. The subjects worked together in small teams (design groups with two or three members), and were required to ensure that the product is properly designed -i.e., materials are properly selected, the designed structural members are strong and stiff enough to withstand critical loadings (i.e., shear, torsion, axial, and/or compression loading) whilst keeping an eye on costs and on meeting the ergonomics, usability, functionality, manufacturability, and other quality requirements as well.
Gathering and measuring information on variables of interest
A questionnaire with six closed questions (see Figure 3 ) which was developed based on the ideas that originated from a focus group research was used to collect quantitative and qualitative data, and to gather views of the subjects. This survey instrument included questions that primarily aimed at gathering data that would eventually help to address the main research hypothesis described earlier, i.e., to establish whether or not structural design progresses systematically according to certain defined process steps and sequence of execution of activities. Therefore, questions were designed to generate quantitative data that can be processed to determine how the structural design unfolds and to reveal the sequence of execution of activities. In developing a questionnaire instrument that can help the investigators obtain adequate and quality dataset, we, among other things, paid attention to wording of questions, sequencing of questions, and having a proper response choices (see e.g., Wu et al., 2008; Synodinos, 2003; Wolfe, 1990; Savino and Batbataar, 2015) .
Figure 3 Questions included in the questionnaire
It w as spec if ied prior to the start of the design assignments that you will perf orm the structural design ta sks listed in Figure 1 . Which ta sks did you actually do in person?
Did you div ide ta sks and focused only on one or two tasks?
Did k nowing the list of task s tha t should be perf ormed in advance help you to streamline the st ruct ura l design a ctivities?
Did you follow any specific and strict order in the execution of the tasks listed in Fig 
Q6
We ensured that each question was precisely and clearly worded, and focused on a solitary issue. As for sequencing, we ensured that questions were placed logically in the questionnaire and that similar or related questions were clustered together. We predominantly chose to use multiple choice and dichotomous questions that asked for Yes or No responses. These questions restricted the respondents to make only one choice among known answers. The advantage here is that these questions were ideal for performing statistical analyses -namely, the closed-ended questions forced subjects to provide quantifiable and easy to compile responses. Q5 was the key question. It provided quantitative responses that were processed to identify the patterns or sequences by which the subjects executed the structural design activities. Specifically, in this question, the subjects were provided with a list of structural design tasks (i.e., analysis, concepts development, materials selection, process selection, engineering analysis, drawing/design representation, and evaluation), and were asked to specify which task they executed first, second, third, and so forth. Q1 and Q2 provided responses that were analysed to determine the way the subjects accomplished the structural design activities, while Q4 and Q6 generated responses that helped the investigators to know whether or not the subjects thought it would have been helpful to specify the guidelines and/or the sequence of carrying out structural design activities in advance. Q3 produced responses that helped to determine if knowing the identity and the complete list of activities only was enough, and if this was a sufficient clue for the subjects to proceed and to structure the structural design activities in the ways they deemed to be effective or convenient to them.
Two rounds of pilot survey -each involving ten respondents -were conducted to pre-test the questionnaire instrument, and this allowed for the identification of the sources of measurement error and for elimination of ambiguity in the questions. The quantitative responses gathered were subsequently analysed to uncover any patterns or trends recurring during the execution of the structural design activities shown in Figure 1 .
Analysis
The datasets obtained through questionnaire survey and the information gathered during interviews and observations were analysed, with a view to uncovering how structural design of the case-study industrial design engineering products unfolded. The collected data gave clues on how respondents performed the structural design activities and revealed the patterns and sequence of execution of activities. Q5 was specially designed to generate quantitative information needed to establish the patterns and the sequence by which the respondents executed the structural design activities mentioned in Figure 1 . As mentioned earlier, in this question, the subjects were asked to indicate the sequence of execution of activities they assumed and consistently followed.
There is no specific metric in the literature, which can be adopted and used as a measure to determine the sequence for execution of activities. A dedicated metric, dubbed the chronological position preference index, ζ(a, c), was therefore developed and used to establish chronological position of execution of each structural design activity. The chronological position of an activity was determined by taking into consideration the responses of the subjects according to the expression below. 
where q is the total number of the subjects of the investigation who responded to the item of the question; p is the number of respondents to the item under consideration who indicated that they indeed executed the activity under consideration at a certain particular chronological position, a = 1, 2, …, or 7, is the activity, and c = 1, 2, …, or 7, is the chronological position. m = 1, is the respondent count, and n = 1 is the subject count. ζ coefficients range from 0 to 1, with higher coefficients signifying the chronological position at which most respondents executed a given structural design activity.
Table 1
Chronological position preference indices ζ(a, c) obtained from two sets of investigations -the highest value(s) for each structural design activity is highlighted in black. As an example, the value in the first cell in Table 1 (i.e., ζ = 0.9382, 1st round of investigation ζ values) was obtained by substituting m = 1 and n = 1 in equation (1); while 167 subjects (p = 167) responded positively to the question item and the total number of subjects who responded to the question item was 178 (q = 178) Based on the subjects' responses to Q5, the chronological position preference index, ζ(a, c) of each activity was then determined by using equation (1). The values of the chronological position preference indices obtained are summarised in Table 1 -the highest chronological position preference index ζ value(s) for each structural design activity is highlighted in black, and are clustered as shown in Figure 4 . The ζ(a, c) table enabled the investigators to visualise the chronological preference position of each activity and the patterns of performing structural design activities. The computed values of chronological position preference indices indicate that analysis (with ζ = 0.9382 and 0.953216 in the first and second rounds of investigation respectively) and concepts development (with ζ = 0.87006 and 0.865497 in the first and second rounds of investigation respectively) were the activities that were executed first by most of the respondents. Apparently these activities progressed consecutively in the early stages of the structural design process. Furthermore, the computed ζ values (see Table 1 ) indicate that the three structural design activities of materials selection, engineering analysis, and process selection were executed as the 3rd, 4th, or 5th activity by most of the respondents. However, the ζ values of these activities do not differ significantly and therefore do not indicate definitively if an activity was the 3rd, 4th, or 5th to be executed. It can therefore be argued that the order of execution of materials selection, process selection, and engineering analysis activities is trivial and that these activities may be executed recursively or concurrently. Overall, it can be generalised that these three activities proceeded freely without any recognisable stark order of execution, after analysis and concepts generation. Most respondents also indicated that formal representation of design concepts (i.e., design representation) was done either after concepts generation (with ζ = 0.34524 and 0.307229 in the first and second rounds of investigation respectivelyand this essentially involved producing preliminary visual representations, e.g., sketches that represent design concepts and specify preliminary main dimensions), or after completion of engineering analysis, materials selection, and process selection activities (with ζ = 0.35119 and 0.240964 in the first and second rounds of investigation respectively). Evaluation (with ζ = 0.76744 and 0.652941 in the first and second rounds of investigation respectively) was the last executed activity by most of the respondents. The ζ indices were the quantitative data that the investigators used as the basis for deriving the chronological positions of execution of structural design activities, which are depicted in Figure 5 (and schematically represented as shown in Figure 6 ). We expand on this in Section 4. Table 2 presents further results of the analysis of the data gathered from the investigation. Most of the respondents (85.4% and 84.7% in the first and second rounds of investigation respectively) indicated that there was a need for a formal description of the chronological sequence for execution of structural design activities. Furthermore, 73.9% and 77.3% of the respondents in the first and second rounds of investigation respectively indicated that it was just enough to know the identity of structural activities in advance whilst 72.2% and 79.6% of the participants in the first and second rounds of investigation respectively indicated that they assumed and followed a specific strict order in executing the structural design activities -see Table 2 . Therefore, it can be concluded from these findings that the respondents clearly felt that there was a need for a crisply demarcated chronological sequence of execution of structural design activities, but just because there was none, they decided on their own on how to structure and manage the structural design activities spontaneously, and then adhered strictly to the assumed sequence of execution.
Figure 6
Steps of the practice-based structural design scheme derived from the chronological position preference index, ζ(a, c) indices (see also 4 Devising a formal scheme for guiding the execution of structural design activities based on the survey datasets
The results of the investigation presented in the previous Section were scrutinised with a view to constructing a systematic scheme for guiding the execution of structural design activities. Table 1 collates the gathered data and quantitatively shows the patterns by which the structural design activities were executed by the subjects of the investigation. The values of ζ in this table suggest that the respondents executed the structural design activities in accordance with certain particular sequences. Figure 5 graphically shows the patterns of execution of structural design activities followed by the subjects. In this figure, a chronological position of an activity is established by considering the ζ indices, i.e., an activity is assigned to the position at which it has the highest ζ index. By considering the patterns of execution of activities (i.e., as depicted in Table 1 and in Figure 5 ), a generalised linear-recursive-linear (LRL) scheme, which specifies the sequence by which the respondents executed the structural design activities (see Figure  6 ), was ultimately formulated. The fact that the LRL scheme originates from the investigation conducted based on realistic structural design assignments potentially makes it highly intuitional. It is partly linear and partly cyclic in nature. This scheme guides the designers and engineers to perform structural design activities partly sequentially and partly recursively, as depicted in Figure 6 . The formulated LRL scheme splits the structural design process into several phases. It suggests sequential flow of activities between the initial two phases of analysis and concepts development, and recursive (or circular) flow of engineering analysis, materials selection, and process selection activities. It also suggests that these activities should navigate randomly and instinctively until optimal engineering analysis results are achieved, and should not necessarily be executed according to a particular strict order. The choice of sequence of execution should be left to the individual designer or engineer. The latter phases of design presentation and evaluation flow sequentially. In summary, there is clear evidence from the investigation carried out indicating that the structural design activities were performed by following explicit and recognisable order of execution by most of the respondents. The computed ζ indices seem to clearly point to certain specific patterns of execution of structural design activities. Some respondents, however, were sceptical about the usefulness of executing structural design activities in accordance to a particular chronological sequence -see Table 2 . Nonetheless, the observed LRL scheme stems from the data and the information gathered from practical structural industrial design engineering assignments. Therefore, common sense suggests that the LRL scheme would most likely be suitable for managing and controlling the execution of structural design activities in industrial design engineering context. Further studies are obviously needed to validate or disprove this. Furthermore, studies and application cases are also needed to investigate the suitability and efficacy of the derived LRL scheme.
Related work
Literature explicitly related to structural design in the context of industrial design engineering is hard to find. In fact, we have not come across any work that explored how structural design in industrial design engineering context unfolds. However, several process models for guiding the execution of higher-level engineering product development activities have been proposed in the literature. These include phased process models, which have specifically been developed for guiding and managing the execution of activities during design (see e.g., Pahl and Beitz, 1993; Roozenburg and Eekels, 1995) . These models divide the design process into several phases and recommend successive execution of design activities between the phases. The execution of activities in one phase is bound to be completed before the execution of activities in the subsequent phase starts. Apart from phased process models, there are also domain process models (see e.g., Suh, 1995; Andreason and Hein, 1987) , in which the execution of design activities proceeds randomly between domains; theories for engineering design -e.g., proposed in Hubka and Eder (2012a) ; methodologies for managing functional constituents rather than the traditional hardware development (see e.g., Pavasson et al., 2014; Lindström et al., 2015) , and dedicated approaches for ensuring that the businesses remain profitable and that the products are attractive to customers (see e.g., AlonsoRasgado and Thompson, 2006) . In software engineering, process models such as the waterfall model (Jones, 1990) , program growth (Brooks, 1987) , evolutionary model (Lehman, 1980) , spiral model (Boehm, 1988) , and the components reuse model (Jones, 1990) guide the execution of software engineering activities. These process models specify the main stages of the software development process. They typically do not define what should be done within the phases in detail, the strict order of execution of activities, or the duration of execution of activities.
The common phases in most of the existing process models include needs analysis, requirements specification, conceptual and detail design, process and production planning, manufacturing (or implementation -for software products), assembly, inspection, and testing (or verification and validation). Structural design, which was the focus of the investigation described in this paper, is typically considered to be part of conceptual and detail design. Overall, even though the names of the phases are broadly analogous in the existing process models, there is , however, disagreement among researchers and practitioners over which activities ought to be performed within the phases, or what should be the deliverables in each phase. These process models have certain unique characteristics, for example, some of the models require the execution of the activities to proceed linearly whilst others demand recursive execution of activities.
Some literature suggests that the application of formal methods, especially at the analysis, requirements specification, and at the design phase improves quality through reduced defects in the final products (see e.g., Langari et al., 2005; Opiyo et al., 2002) . Since structural design is part of the design process, it is expected that the application of the observed LRL structural design scheme would also contribute to further quality improvements through reduction of errors and omissions in the in-process deliverables. Further separate studies are, however, required to prove this proposition.
Discussion
As mentioned earlier, there are several process models for guiding the execution of design activities (see e.g., Pahl and Beitz, 1993; Hubka and Eder, 2012a; Pavasson et al., 2014; Lindström et al., 2015; Suh, 1995; Roozenburg and Eekels, 1995; Andreason and Hein, 1987; Alonso-Rasgado and Thompson, 2006) . Some literature (see e.g., Opiyo, 2003) suggests that choosing and adhering to process steps of a process model is important in organising and managing the product development activities and in assuring quality of products. One of the shortcomings pointed out in some literature, however, is that most of the process models are coarsely defined and they only specify high-level activities and process steps. What should be done or the relationships among activities within the phases is not specified in most of the existing process models. The derived LRL structural design scheme addresses some of the above-mentioned limitations.
We explored how the structural design activities in industrial design engineering are executed in practice. The need for a process model for organising and controlling the execution of structural design activities has also been investigated. The focus of the investigation was on structural design of engineering consumer products that are traditionally developed by industrial design engineers. This investigation, which was carried out in two rounds of questionnaire surveys, interviews, and observations led to formulation of the LRL structural design scheme shown in Figure 6 . Being able to derive a structural design process model -which proved to correspond to the widely accepted practice in engineering design -from the analysis of the data obtained from the experiment described in Section 2 (i.e. based on raw datasets acquired in practical industrial design engineering assignments) was one of the main contributions of this investigation. In using the LRL structural design scheme, the design process has to pass through the process steps specified in Figure 6 . Since some literature (see e.g., Beizer, 2001; Opiyo et al., 2002; Opiyo, 2003) suggests that good organisation of activities in engineering processes is one of the factors that contribute to attaining the desirable level of quality, we expect that working consistently according to the LRL structural design scheme can lead to similar effects on the process and on the product, namely, can lead to better organisation of activities, high quality in-process deliverables (i.e., better choices of materials, design concepts, etc.), and to a superiorly designed structure.
The LRL structural design scheme is easy to put to use and it emulates the everyday instinct of a structural designer. However, the fact that the LRL structural design scheme is partly linear and partly recursive may in some instances cause some practical complications. For instance, during the structural design, if something goes wrong, say, at the latter stages, it can be very challenging to trace the root cause of the problem and to resolve it. For example, if an error arises, say, during engineering analysis, it may take numerous recursive computations or re-calibrations of previously made selections and decisions (e.g., selection of different material, consideration of different production method or manufacturing process, etc.) to make correction and to resolve the problem. Another limitation of the LRL structural design scheme is that some stakeholders such as the end-users can only be involved at the onset of the structural design process (i.e., during analysis and concepts development). The circular activities of materials selection, engineering analysis, and process selection are highly technical -and this makes it difficult, e.g., for the end-users to be involved in these activities and to express their views.
On the flip side, in spite of the shortcomings described above, the results of the analysis of the questionnaire survey data revealed that most of the subjects saw advantages in adhering to the steps specified in the observed LRL structural design scheme. The majority of the participants of the investigation (i.e., 76.7% and 65.3% in the first and second rounds of survey respectively) spontaneously followed the LRL scheme, and felt that it appropriately guided them to achieve the expected goals and to attain the desirable quality of the in-process deliverables (e.g., guided them to make sensible choices of materials, manufacturing processes, and design concepts). The eventual users of the product typically expect timely delivery of quality and low-cost products. Therefore, it would also be interesting to explore, e.g., if the derived LRL structural design scheme can contribute to achieving quality products on schedules and at acceptable costs.
In general terms, on the one hand, the derived LRL structural design scheme is somewhat inherently abstract and is applicable to a wide range of products -this has partly been demonstrated during the investigation, as six different case-study products (see Figure 2) were used in the two rounds of investigation. And on the other hand, the LRL structural design scheme is arguably overly formalised and detailed, and as a result, it may obstruct creativity. In actual practice, the users are expected to tweak the LRL structural design scheme to match their specific company requirements and/or targeted product spectrum.
This work contributes to the understanding of how the structural design process in the context of industrial design engineering evolves in practice. Being able to uncover how structural design in the context of industrial design engineering unfolds based on the analysis of the raw dataset gathered from industrial design engineering assignments is the main contribution of this work. As indicated earlier, we are not aware of the existence of a comparable research, i.e., similar empirical studies that specifically explored how structural design in the context of industrial design engineering unfolds, or of the existence any formal process model for guiding structural design process in the context of industrial design engineering.
As for limitations of the research, we would like to point out that although the experiment was conducted by involving a sufficiently large number of subjects, this research still suffered from the reality that these subjects were, in essence, first year novice student designers. It is obvious that such novice design engineers would have done better with guidance or with some sort of a formalised process rather than without. Therefore, it is important to emphasise that based on the experimental setup adopted, it can neither be claimed that the obtained results nor the observed LRL structural design scheme would be acceptable in practice, i.e., would be applicable to professional industrial design engineering practice. The conclusions drawn from studying novice student designers' practice cannot necessarily be applicable to professional designers with years of experience. Hence, further investigations are needed to explore the applicability of the LRL structural design scheme in practical settings by involving experienced professional designers as subjects.
Conclusions
The paper has presented the research that explored how structural design in the context of industrial design engineering unfolds. Interesting findings that worth to be considered in tracking, managing, and coordinating the execution of structural design activities have emerged from the investigation carried out through questionnaire surveys, interviews, and non-structured observations. This investigation revealed certain stark patterns of execution of structural design activities. Analysis and concepts development were the activities conducted first by most of the respondents while design presentation and evaluation were performed last. The investigation has also revealed that there was no explicit sequence of execution of the structural design activities of materials selection, engineering analysis, and process selection. Apparently these activities were highly recursive and were executed concurrently by most of the subjects. These findings led to formulation of the LRL structural design scheme, which specifies the observed sequence of execution of structural design activities.
Most subjects of the investigation appeared to follow the observed sequence of execution of structural design activities. However, we cannot claim, based on the results of the reported research that the LRL is a "good" structural design scheme. Furthermore, a definitive recommendation regarding the sequence or the steps of the structural design process in the context of industrial design engineering cannot be drawn based on the findings of the reported research alone. It is imperative to underline the fact that there is still a long way to travel. Further separate investigations need to be conducted to verify and validate the research results and to deal with new hypotheses and research issues that have emerged from the observations and interpretations of the findings. Specifically, it would be interesting to investigate the validity of the observed sequence of execution of the structural design activities and if the observed LRL structural design scheme can contribute to improvement of both the structural design process and quality of the inprocess deliverables. The applicability and the efficacy of the LRL structural design scheme also need to be investigated. For instance, it would be interesting to determine how the LRL structural design scheme could be used together with the traditional design
